Introduction
The extremely small fiber size and low mass of nanofiber composites makes quality control measurement very difficult. Most commercially available contact measurement equipment cannot work with the nanofiber composite without altering its characteristics. Generally, non-contacting optical methods are not effective because the wavelength of the light used is greater than the diameter of the nanofibers. Non-contact Gamma or Beta gauges lack the necessary resolution. Research methods such as Scanning Electron Microscopy (SEM) are not practical in a production setting. Large-scale production of nanofiber composites requires unique quality control (QC) methods.
Figures 1a, 1b, and 1c show examples of nanofiber composites manufactured by Donaldson.
As Donaldson Company's nanofiber production has increased to over 10,000 m 2 per day during the last 20 years, QC methods have been developed to address these needs. Four evaluation tools that have been developed for commercial production of nanofibers will be described. These evaluation tools focus on: uniformity of nanofiber distribution, fiber size distribution, durability of fiber layer in the composite, and environmental resistance.
Uniformity of nanofiber distribution
The layer of nanofibers in the composite has low solidity (typically less then 25%), low thickness, is extremely light weight, and has small fiber size. Existing off-line methods of measuring filtration efficiency are very accurate, but have several limitations. Such methods use small sample areas and require multiple parallel measurements. High concentrations of aerosols used in such methods can destroy the sample, making such methods impractical for use in on-line measurements. The biggest problem, however, is the intrinsic delay between production and test, which makes these methods unsuitable for process control. Conventional on-line measurement methods using different parts of electro-magnetic spectra (β-radiation, optical methods) have not worked because they do not see the nanofiber, which is smaller than the wavelength.
To control the process and product quality, an on-line web filtration efficiency test method and on-line efficiency monitor were invented and patented. The test system uses two conventional laser particle counters with the addition of a specialized sampling head. The sampling head incorporates an air curtain effect to allow efficiency measurements at speeds up to several hundred feet per minute. This test method can be applied to nanofiber web development, manufacturing process development, and production process control. Details of the on-line efficiency monitor and operating procedure are described elsewhere [1, 2] .
The schematic of the on-line efficiency monitor is presented in Figure 2 . The on-line efficiency monitor includes a source of clean air (250 cfm), a source of aerosol, upstream and downstream particle counters, sampling head, and a PC that collects and analyzes data and controls the process.
Whereas off-line methods are very accurate but not usable in production settings, sacrificing a small amount of accuracy makes it possible to use on-line methods to test the efficiency of each foot of media in a production environment. As shown in Figure 2 , the on-line method uses non-contact measurement at low concentrations of aerosol. The apparatus is a subsystem of the production line. Analysis of measurements is used immediately to control the production process.
The nanofiber layer accounts for most of the filtration efficiency in the nanofiber composite. Results of measurements describe quality by assessing the uniformity of the nanofiber layer in the machine and cross machine directions. Results of in-control process and out-of-control process testing are presented in Figures 3a and 3b .
Automated Fiber Sizing
Full process control of the nanofibers production requires measurement and control of fiber size, fiber size distribution, and quantity of fibers. On-line efficiency monitor directly measures filtration efficiency, which is a function of all three parameters. Therefore, there is a need in the tool that can directly measure mean fiber size and fiber size distribution. Routine sampling and measurement of fiber size and fiber size distribution are done using SEM. Measuring nanofiber diameters usually consists of manually comparing the diameter of fibers in a photomicrograph to a known scale. The process is very time consuming and operator consistency and fatigue can reduce the accuracy. Automating the fiber sizing is a natural solution to the problem. Authomated fiber sizing directly measures fiber diameter and fiber diameter distribution, which along with on-line efficiency monitor allows full process control.
We analyzed several commercially available fiber sizing software packages and found they didn't meet our requirements. The automated fiber sizing method we developed is based on a proprietary algorithm.
In the automated fiber sizing process, the SEM image is first cropped to a desired size and unwanted details are eliminated. The calibration bar from the SEM image is used to set the number of pixels per micron. Next, the program converts the image to black and white using a gray scale function. The black (non-fiber) areas are sorted according to size. Starting with the largest black area, a straight line is defined on the
Figure 1 EXAMPLES OF NANOCOMPOSITES. A), B) -NANOFIBERS ON THE SUR-FACE OF FILTER PAPER; C) -NANOFIBERS ON THE SURFACE OF SPUNBOND NON-WOVEN

Figure 2 SCHEMATIC OF ON-LINE EFFICIENCY MONITOR
A B C border pixels and a diameter is drawn from one pixel across the white area at 90 0 . The diameter stops when it encounters another black pixel. This is repeated around the black shape about every five pixels, and then around each black area in order of size (Figure 4) .
All fiber diameter lengths are recorded and a running histogram is generated ( Figure 5) .
The process that used to take hours of painstaking measurements can be completed in seconds.
Accelerated Environmental Resistance Test
Many nanofiber composites used in filtration are exposed to hot, humid, and aggressive environments and are often in the application for several years. Therefore, long term fiber stability in to such environments becomes a vital element of their performance. To "accelerate" environmental testing we measure the filtration efficiency of the nanofiber filter material using ASTM test method F1215-89 [3], soak it in hot water for 5 minutes, dry, and measure the efficiency again. Likewise, we can measure the resistance of nanofiber composites to aggressive chemical environments including solvent vapors and oils.
DL Bending Tester [4]
Knowledge of strain-stress characteristics is important in understanding the performance of a nanofiber composite under dynamic stress. Due to the small size of fibers and extremely low weight of the layer, traditional methods do not give useful results because the substrates dominate the mechanical properties of the nanofiber composite. The DL bending tester was developed by the author to study strain properties and failure mechanisms of nanofibers applied to the surface of another media. Later, this apparatus became known internally as the DL bending tester, incorporating the author's initials. First a sample is secured in the tester and positioned in the optical microscope. A motor then bends and extends the sample around a cylinder with known diameter. The strain that the sample is close to the plain strain conditions because the thickness of the sample small enough comparing to diameter of the
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Figure 3a IN-CONTROL PROCESS
Figure 5 RESULTS OF AUTOMATED FIBER SIZE ANALYSIS
Figure 4 NANOFIBER SEM PHOTO WITH FIBER DIAMETER MEASUREMENT RESULTS
Figure 3b
OUT-OF-CONTROL PROCESS cylinder. The area that is being observed is approximately 6x4 mm (4 mm in the direction of stretch) and it can be varied.
The basic schematic of the tester is shown in Figures 6a and  6b and the general view of the tester is shown in Figure 7 .
Angle can be recalculated into the strain measure:
α -angle of stretch; R -cylinder diameter; L 0 -initial length of the specimen.
The angle is measured using the scale on the apparatus. A camera mounted on the microscope sends a dynamic image to a monitor that is used to observe the sample throughout the test. The first sign of relative movement between components of the composite structure is an indicator of critical strain. An operator records what kind of movement occurred and angles of the first destruction in the nanofiber layer, full destruction of nanofiber layer, and full destruction of the composite. Comparison of the angles for different composites gives the measure of stability of the structure.
In Figures 8a -8c are presented frames from such movie. Careful analysis of video helps to understand probable causes of failures in the composite.
Conclusions
Large-scale production of nanofiber composites requires quality and process control. Critical parameters include the uniformity of nanofiber distribution, fiber size distribution, durability of the fiber layer in the composite, and environmental resistance. Fundamentally new approaches are required due to the low solidity, low thickness, extremely low weight and small fiber size. The methods and instruments described herein have shown their relevance and reliability. 
